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ABSTRACT
We report measurements of the bulk radial velocity from a sample of small, metal-rich ejecta knots
in Kepler’s Supernova Remnant (SNR). We measure the Doppler shift of the He-like Si Kα line center
energy in the spectra of these knots from our Chandra High-Energy Transmission Grating Spectrometer
(HETGS) observation to estimate their radial velocities. We estimate high radial velocities of up to
∼ 8,000 km s-1 for some of these ejecta knots. We also measure proper motions for our sample based
on the archival Chandra Advanced CCD Imaging Spectrometer (ACIS) data taken in 2000, 2006, and
2014. Our measured radial velocities and proper motions indicate that some of these ejecta knots are
nearly freely-expanding after ∼ 400 years since the explosion. The fastest moving knots showed proper
motions up to ∼ 0.2 arcseconds per year. Based on our radial velocity measurements, we estimate a
distance to Kepler’s SNR, d ∼ 4.8 to 8.2 kpc. We find that the ejecta knots in our sample have an
average space velocity of |vs| ∼ 4,600 km s-1 (at a distance of 6 kpc). We note that 8 out of the 15
ejecta knots from our sample show a statistically significant (at the 90% confidence level) redshifted
spectrum, compared to only 2 with a blueshifted spectrum, suggesting an asymmetry in the ejecta
distribution in Kepler’s SNR along the line of sight.
1. INTRODUCTION
Type Ia supernova explosions are most likely the result of the unbinding of a white dwarf which has accreted enough
mass from a companion, either through a merger or matter stream (Iben & Tutukov 1984), to burn carbon and oxygen
(Hoyle & Fowler 1960), resulting in a runaway thermonuclear explosion. Recent theoretical (e.g., Kasen et al. (2009))
and observational evidence (e.g., Maeda et al. (2010, 2011)) has shown that Type Ia explosions may be asymmetrical
events. An explosion asymmetry would in turn lead to an asymmetrical ejecta distribution in the resulting supernova
remnant (SNR). Further asymmetries in the ejecta distribution within an SNR may be due to interactions with a
nonuniform medium into which it is expanding. The evolution of Type Ia SNRs may be modelled assuming a uniform
interstellar medium (ISM) interaction (Badenes et al. 2007; Mart´ınez-Rodr´ıguez et al. 2018). However, if the white
dwarf is interacting with a younger companion star, the disk that would likely form around the accreting white dwarf
may produce a wind which could strip material from the companion, creating an anisotropic circumstellar medium
(CSM) (e.g., Hachisu et al. (2008)) surrounding the progenitor system. Such a modified medium could contain regions
of varying density, which may slow down some of the ejecta from the SN explosion, while leaving other parts of the
ejecta gas unaffected. Asymmetries in ejecta distributions have been seen in some Type Ia SNRs (e.g., Uchida et al.
(2013); Post et al. (2014)).
A well-known case where a Type Ia SNR is interacting with CSM is the remnant of Supernova (SN) 1604, or Kepler’s
SNR (Kepler, hereafter), the most recent Galactic historical supernova. As a young, ejecta-dominated remnant of a
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luminous (assuming a distance > 7 kpc) Type Ia SN (Patnaude et al. 2012) from a metal-rich progenitor (Park et
al. 2013), it provides an excellent opportunity to study the nature of a Type Ia progenitor and its explosion in the
presence of CSM material (Burkey et al. 2013) and nitrogen-rich gas (Dennefeld 1982; Blair et al. 1991; Katsuda et al.
2015). Strong silicate dust features observed in the infrared spectra of the remnant are indicative of the wind from an
oxygen-rich asymptotic giant branch (AGB) star (Williams et al. 2012). The distance to Kepler’s SNR is uncertain;
recent estimates put the distance from 3.9 kpc (Sankrit et al. 2005) to & 7 kpc (Patnaude et al. 2012; Chiotellis et al.
2012).
In X-rays, Kepler appears as mostly circular with an angular diameter of ∼ 3.6′, however it does have curious
morphological features which may suggest an asymmetrical ejecta distribution. For example, there are two notable
protrusions located in the east and west portion of the SNR, often referred to as “Ears” (Tsebrenko & Soker 2013)
(a similar case is G299.2-2.9 (Post et al. 2014)). Kepler also shows emission features from shocked CSM, one located
across the center of the remnant and another which stretches across the northern rim (Burkey et al. 2013). Park et
al. (2013) found a higher Ni to Fe K line flux ratio in the northern half than in the southern half of Kepler, but were
not able to distinguish the origin for the differential Ni/Fe flux ratio (shock interactions with different CSM densities
between the north and south versus an intrinsically different ejecta distribution between the north and south). Katsuda
et al. (2008) found that the northern half was expanding more slowly than the southern half, suggesting an uneven
ejecta distribution between the northern and southern shells, although they attributed the difference to interaction
with a dense CSM in the north.
A straightforward way to reveal the 3-D structure of ejecta, and ultimately the explosion nature and dynamical
evolution of Kepler, is to measure the Doppler shifts in the emission lines from the X-ray-emitting ejecta knots
projected over the face of the SNR, and thus their bulk motion radial velocities (vr) along the line of sight. Recently,
Sato & Hughes (2017b) reported measurements of radial velocity for several compact X-ray-bright knots in Kepler’s
SNR using archival Chandra ACIS data. They measured high radial velocities of up to ∼ 104 km s-1 and nearly free
expansion rates for some knots.
Here, we present the results of our study on the 3-D structure of Kepler, based on the high resolution X-ray
spectroscopy with our Chandra HETGS observation. In Section 2, we present the observations we used for our
analysis. In Section 3, we show our analysis techniques and results. In Section 4, we estimate the distance to Kepler
and discuss its ejecta distribution based on our results, and in Section 5 we summarize our findings.
2. OBSERVATIONS
We performed our Chandra HETGS observation of Kepler using the ACIS-S array from 2016 July 20 to 2016 July
23. The aim point was set at RA(J2000) = 17h30m41s.3, Dec(J2000) = -21◦29′28′′.9, roughly towards the geometric
center of the SNR. The observation was composed of a single ObsID, 17901. We processed the raw event files using
Chandra Interactive Analysis of Observations (CIAO) (Fruscione et al. 2006) version 4.10 and the Chandra Calibration
Database (CALDB) version 4.7.8 to create a new level=2 event file using the CIAO command, chandra repro. Next,
we removed time intervals of background flaring using the Chandra Imaging and Plotting System (ChIPS) command,
lc sigma clip, which left us with a total effective exposure of 147.6 ks. We then extracted the 1st-order dispersed
spectra from a number of small regions across the SNR (Section 3.2) using the TGCat scripts (Huenemoerder et al.
2011) tg create mask, tg resolve events, and tgextract, and also created appropriate detector response files. The
TGCat commands (in the order mentioned) first create a FITS region file which specifies a region position, shape,
size, and orientation in sky pixel-plane coordinates1. Next, event positions are compared with the 3-D locations at
which dispersed photons can appear, given the grating equation and zero order position, assigns them a wavelength
and an order, and outputs these data into a grating events file2. Finally, the grating events file is filtered and binned
into a one-dimensional counts spectrum for each grating part, order, and source3. In addition to our new HETGS
data, we also used the archival ACIS data of Kepler as supplementary data (listed in Table 1). For spectral fitting
purposes (Section 3.3), we reprocessed the six ObsIDs from the 2006 archival ACIS-S3 data by following standard data
reduction procedures with CIAO versions 4.8 to 4.8.2 and CALDB version 4.7.2, which resulted in a total effective
exposure of ∼ 733 ks. To make our proper motion measurements, we used the 2000, 2006, and 2014 archival Chandra
ACIS data, as previously processed and prepared in Sato & Hughes (2017b).
1 http://cxc.harvard.edu/ciao/ahelp/tg create mask.html
2 http://cxc.harvard.edu/ciao/ahelp/tg resolve events.html
3 http://cxc.harvard.edu/ciao/ahelp/tg extract.html
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Figure 1. Chandra HETG 3-color image of Kepler. Red: 0.7-1.2 keV, Green: 1.7-2.0 keV and Blue: 2.0-8.0 keV. The Fe L
complex and continuum emission appear smeared across the ACIS-S chips, the former because it consists of many emission lines,
and the latter because it lacks individual emission lines. The Si XIII (He-like Si Kα) emission is more focused on the detector,
because it consists only of three closely spaced lines at ∼ 1.865 keV.
3. DATA ANALYSIS AND RESULTS
3.1. Utility of HETGS for Extended Sources
Due to its dispersed nature, the Chandra HETGS (the 1st-order) is best suited to measure the spectra of isolated,
point-like sources. The utility of the HETG spectrum is affected when the source is extended and/or surrounded
by complex background emission features. Our study of Kepler is typical of such a case; the SNR comprises many
small, discrete extended sources projected against its own complex diffuse emission. The HETG-dispersed image of
Kepler is shown in Figure 1. Our goal is to measure the atomic line center energies in the X-ray emission spectrum
for small individual emission features within the SNR. For this type of measurement, the utility of HETG data have
been successfully demonstrated by previous authors in the cases of Cassiopeia A (Cas A) (Lazendic et al. 2006) and
G292.0+1.8 (G292) (Bhalerao et al. 2015). He-like Si Kα lines were used for Cas A, while He- and H-like Ne, Mg, and
Si Kα lines were used for G292. In the integrated spectrum of Kepler, the Fe L and K, He-like Si Kα, and He-like S
Kα lines are prominent. However, the Fe K line is faint in the spectra of individual small knots, and thus, not useful
for our study. Additionally, the Fe L lines are a complex composed of several closely spaced emission lines, which
makes it difficult to identify them for Doppler shift measurements, whereas the He-like Si Kα and S He-like Kα lines
may easily be represented by a simple triplet of emission lines. Overall, ejecta knots in Kepler are fainter than those
in Cas A and G292. Thus, the count statistics for most knots only allow us to use the brightest line triplet, He-like
Si Kα. In general, we found that at least ∼ 100 counts for the He-like Si Kα line emission features in the 1.75 - 1.96
keV band of the 1st-order MEG (Medium Energy Grating) spectrum of each individual target source are required to
make a reliable Doppler shift measurement.
Table 1. Archival Chandra ACIS Observations
Observation ID Start Date Exposure Time (ks)
116 2000-06-30 48.8
4650 2004-10-26 46.2
6714 2006-04-27 157.8
6715 2006-08-03 159.1
6716 2006-05-05 158.0
6717 2006-07-13 106.8
6718 2006-07-21 107.8
Table 1 continued on next page
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Table 1 (continued)
Observation ID Start Date Exposure Time (ks)
7366 2006-07-16 51.5
16004 2014-05-13 102.7
16614 2014-05-16 36.4
Distinguishing the He-like Si Kα lines from the target emission knot from those of the surroundings is essential to
correctly measure the line center energies of He-like Si Kα lines in the spectrum of small individual knots in Kepler. To
quantitatively assess the contamination in the He-like Si Kα line profiles of the target source from the nearby emission
features, as well as due to the target source extent, we performed ray-trace simulations of Chandra observations using
the Model of AXAF Response to X-rays (MARX) package (Davis et al. 2012). Initially, we assumed a point-like target
source with an X-ray spectrum representing the rest energy triplet emission lines of He-like Si Kα, at various distances
from the zeroth order position. Figures 2a and 2b show that the 1st-order spectral lines (He-like Si Kα) are shifted from
the true line center energies as the source position is off-centered, corresponding to the Chandra HETGS wavelength
scale of 0.0113 A˚/arcsec for HEG (High Energy Grating) and 0.0226 A˚/arcsec for MEG4. Using this relation, we
may identify interfering emission lines in our source spectra originating from nearby sources. We also tested how the
angular extent of the target sources affect our line center measurements. While larger source extents would increase
the uncertainties in the line center energy measurements, we conclude that our radial velocity measurements would
not be affected (within uncertainties) as long as the target source sizes are . 10′′ (Figures 2c and 2d).
Based on our test simulations, we also conclude that nearby discrete sources positioned ∼ 25′′ or farther off the
target source position along the dispersion direction would not affect our measurements of the source spectral line
center energies for radial velocities. For the cases where nearby sources are present (with angular extent similar to
that of the target source) within ∼ 25′′ of the target source along the dispersion direction, the effects on the line
center measurements for the target source may vary. We investigated numerous source configurations (both with
our actual data of Kepler and extensive MARX simulations), and found that even if the nearby source positions are
relatively close to the target position, we may avoid a significant contamination from the nearby emission by adjusting
the criteria for the selection of the 1st-order photons of the target spectrum via the “osort” parameters, osort lo
and osort hi5. During HETG spectrum extraction, only photons with measured wavelengths that meet the criteria,
osort lo < λg/λCCD ≤ osort hi are included in the 1st-order spectrum, where λCCD is the ACIS-S CCD wavelength,
and λg is the gratings wavelength. Because λCCD and λg values of nearby sources become more divergent the farther
they are located from the target position, photons from those nearby sources are less likely to be included in the
extracted spectrum when small osort values are chosen. Thus, we may still be able to measure the source line center
energies despite the presence of nearby contaminating emission features. However, we find it unlikely that the emission
lines from sources located very near to each other (. 5′′) along the dispersion direction, with similar brightness, would
be properly distinguishable.
3.2. Radial Velocities
Based on archival Chandra ACIS data (Table 1), we identified numerous small emission features which are bright
in the 1.7 - 2.0 keV band, suggesting that they may be good candidate targets for He-like Si Kα line center energy
measurements using an HETG 1st-order spectrum. We selected 17 features (Figure 3), generally satisfying the criteria
that we discussed in Sec 3.1. To measure the vr of these X-ray emission features projected within the boundary of
Kepler’s SNR, we adopt a similar method to those pioneered by Lazendic et al. (2006) and Bhalerao et al. (2015), who
analyzed HETG spectra of bright X-ray knots in SNRs Cas A and G292, respectively. For each of these 17 individual
features, we extracted the 1st-order spectrum from our Chandra HETGS observation.
For each extracted region, the line center energies of the He-like Si Kα triplets, and a Si XII emission line (see
below), were measured by fitting five Gaussian curves to the spectrum - three for the triplet, one for the Si XII line,
and one for the background continuum using the Interactive Spectral Interpretation System (ISIS) software package
(Houck & Denicola 2000). The measured line center wavelengths were then compared with the rest values (6.648 A˚ for
4 http://cxc.harvard.edu/proposer/POG/html/chap8.html
5 See footnote 2
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Figure 2. The left column shows images from our MARX simulations (assuming a Chandra HETGS + ACIS-S configuration).
The green circle and horizontal lines show the target region, and dispersion direction, respectively. The yellow scale bar in each
image is 5′′ across. The right column shows the extracted 1st order MEG spectrum. The black line and gray line are the plus
and minus order spectrum, respectively. The rest energies of the He-like Si Kα line triplet used here are 6.648 A˚, 6.688 A˚, and
6.740 A˚, denoted by green vertical lines in panel (d). Panel (a) shows the spectrum of a point source, with the zeroth order
point centered on it. The plus and minus order spectra are aligned at the rest energy of the line triplet when the source is
located at the zeroth order point. (b) exhibits the effect of shifting the zeroth order point by 5′′ along the dispersion direction.
The plus and minus orders move away from the line center energy. (c) shows an extended source (10′′), which broadens the
resulting peaks in the spectra. (d) contains a complex source configuration. The target source has an angular size of 6′′, and
assumed radial velocity of vr = + 6,000 km s
-1. The nearby source has an angular size of the 6′′ and an assumed radial velocity
of vr = + 9,000 km s
-1. The assumed angular offset of the nearby source is 15′′. Despite the proximity of the two sources, the
correct Doppler shift was measured, vr = 5878 ± 1144 km s-1, in part due to the appropriate choice of osort value (0.05 in this
case). The red line and blue lines are the best-fit models for the +1 and -1 order spectra, respectively.
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resonance, 6.688 A˚ for intercombination, 6.740 A˚ for the forbidden line, and 6.717 A˚ for the Si XII line, respectively
(Drake 1988)), to measure the Doppler shifts in these lines, and thus to estimate the corresponding vr.
The count statistics of our data do not allow us to directly measure the He-like Si (XIII) Kα triplet intercombination
to resonance (i/r) and forbidden to resonance (f/r) resonance line flux ratios. Thus, we use i/r and f/r ratios which
correspond to the median values of electron temperature (kTe ∼ 2.5 keV) and ionization timescale (net ∼ 2.2 × 1010
cm-3 s) that we measured using archival ACIS data (Section 3.3). We fix the i/r and f/r line flux ratios to 0.1 and
0.66, respectively. At this temperature and ionization timescale, an Si XII emission line at ∼ 6.717 A˚ contributes
significantly to the spectrum. Thus, we also account for this line in our vr fitting model, and we fix the Si XII line to
He-like Si (XIII) Kα resonance line flux ratio to 0.56 for our assumed thermal condition. Using fixed line flux ratios
introduces an inherent uncertainty in our vr measurements, as these ratios are likely to vary among the knots in our
sample. However, we estimate this uncertainty to be a few hundred km s-1 on average, and thus does not affect our
conclusions.
Our results are summarized in Table 2, with spectra and best-fit models shown in Figure 4. Errors represent a 90%
confidence interval unless otherwise noted. Figure 3 shows the locations of blueshifted and redshifted regions, marked
by cyan and red circles, respectively. Our measured vr for two CSM regions (regions B5* and B6*) are negligible even
though they are projected near the SNR center. This low vr is perhaps as expected for the shocked CSM features
regardless of their projected distance from the SNR center, supporting the reliability of our vr measurements. Of the
15 ejecta knots for which we measured vr, only two (B1 and B3) show a significantly blueshifted spectrum, while the
other eight regional spectra are significantly redshifted.
We note that four ejecta knots in our sample (regions R1, R2, R3, and B3) were also studied in Sato & Hughes
(2017b), who measured the vr of these ejecta knots based on Chandra ACIS data. For three of these common regions,
R1, R2, and R3, we measure the highest vr values (vr ∼ 5,700 - 7,900 km s-1) in our sample. These regions are
located in the northern shell of the SNR, approximately 1′ from the kinematic center (R.A.(J2000) = 17h 30m 41s.321
and Declination(J2000) = -21◦ 29′ 30′′.51 (Sato & Hughes 2017b)). For all four of our common knots, we find
general agreement between our measured values and those from Sato & Hughes (2017b), as shown in Table 2. This
is an interesting result when we consider that the vr measurements based on the low-resolution ACIS spectrum are
dominated by systematic uncertainties (∼ 500 - 2,000 km s-1) (Sato & Hughes 2017a,b), while those using our high-
resolution HETGS spectrum are mostly dominated by statistical uncertainties (due to the relatively lower throughput
of the dispersed spectroscopy), yet our results for those four ejecta regions are consistent. All other ejecta knots show
significantly lower velocities of vr . 3,600 km s-1 (Table 2). It is notable that two ejecta knots (regions R6 and R8)
projected within the western “Ear” region show a significant vr (∼ 2,200 and 1,800 km s-1) even though they are
projected far (∼ 2′) from the center of the remnant beyond the main shell of the SNR.
3.3. Identifying Metal-Rich Ejecta
To identify the origin of small emission regions in our sample (metal-rich ejecta vs low-abundant CSM), we performed
spectral model fits for each individual regional spectrum based on the archival Chandra ACIS data with the deepest
exposure (combining all ObsIDs taken in 2006, with a total exposure of 733 ks). We fitted the observed 0.3-7.0 keV
band ACIS spectrum extracted from each region with an absorbed X-ray emission spectral model assuming optically-
thin hot gas with non-equilibrium ionization (phabs*vpshock (Borkowski et al. 2001)) using the XSPEC software
package (Arnaud 1996). We estimated the background spectrum with small faint diffuse emission regions nearby each
source region within the SNR. Then, we subtracted the background spectrum from the source regional spectrum before
the spectral model fitting. We allowed the electron temperature, ionization timescale (net: the electron density, ne,
multiplied by the time since being shocked, t), redshift, normalization, and abundances of O, Ne, Mg, Si, S, Ar, and
Fe to vary in the spectral model fitting. We fixed all other elemental abundances at solar values (Wilms et al. 2000).
We note that, although H and He are generally not expected to be abundant in the spectrum of ejecta-dominated
emission features of Type Ia SNRs, Kepler is interacting with a significant amount of CSM. Thus, we leave the H and
He abundances fixed at solar values in our model to account for possible CSM interaction throughout the SNR. In the
ejecta-dominated knots, we also use the H and He continuum as an approximation for non-thermal power-law emission
from the shock-accelerated electrons at the forward shock. We fixed the absorption column to NH = 5.4 × 1022 cm-2
(Foight et al. 2016). We found significant residuals at E ∼ 0.75 and ∼ 1.25 keV in the spectra of ejecta knots, which
have been seen in other SNR studies of ejecta-dominated (particularly Fe-rich) spectra (Hwang et al. 1998; Katsuda et
al. 2015). Here, we assume they are Fe-L lines which may be missing in the currently available atomic data. Therefore,
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we added gaussian components at these energies to account for these emission line features of the ejecta knot spectra.
These additional gaussian components are not required in spectral model fitting of the CSM-dominated regions. Our
reduced chi-squared values for the best-fit models range from χ2ν = 1.0 - 1.4.
Table 2. Radial Velocity and Proper Motions of Small Emission Features in Kepler’s SNR
Region† R.A.a Deca Db vr vr(SH)
c µRA µDec µTot
d ηe vs
f
(degree) (degree) (arcmin) (km s-1) (km s-1) (arcsec yr-1) (arcsec yr-1) (arcsec yr-1) (km s-1)
R1(N2) 262.67314 −21.474812 1.02 7872+1155−1176 9110+30−110 0.028 ±0.017 0.137 ±0.024 0.140 ±0.029 0.94±0.14 8824+1073−1091
R2(N1) 262.68120 −21.476634 1.04 6165+1287−1384 8700+650−470 -0.065 ±0.016 0.081 ±0.024 0.104 ±0.028 0.68±0.10 6836+1189−1274
R3(N3) 262.66648 −21.480553 0.74 5745+2257−2174 5880+690−1750 0.045 ±0.016 0.078 ±0.024 0.090 ±0.028 0.83±0.16 6289+2077−2002
R4 262.67403 −21.491796 0.10 3589+1459−1344 0.019 ±0.018 -0.021 ±0.024 0.028 ±0.03 1.86±2.64 3679+1430−1318
R5 262.66124 −21.478912 0.98 3036+1857−1668 0.061 ±0.017 0.105 ±0.027 0.121 ±0.032 0.85±0.13 4600+1336−1222
R6 262.64087 −21.477378 1.95 2196+519−524 0.172 ±0.017 0.104 ±0.024 0.201 ±0.029 0.71± 0.05 6128+533−534
R7 262.67997 −21.502758 0.79 2052+1409−1459 -0.058 ±0.017 -0.064 ±0.024 0.086 ±0.029 0.75± 0.14 3203+1014−1043
R8 262.64352 −21.478218 1.79 1761+774−748 0.067 ±0.016 0.059 ±0.024 0.089 ±0.029 0.34± 0.03 3090+639−629
R9 262.70386 −21.495295 1.78 1074+1416−920 -0.171 ±0.016 -0.051 ±0.024 0.179 ±0.029 0.69± 0.06 5196+552−505
R10 262.66758 −21.517109 1.54 940+904−887 -0.033 ±0.018 -0.070 ±0.024 0.077 ±0.03 0.34± 0.03 2390+700−697
R11 262.66920 −21.465973 1.56 840+952−931 0.002 ±0.018 0.141 ±0.024 0.141 ±0.03 0.62± 0.06 4090+700−698
B6* 262.67685 −21.497011 0.41 −372+649−799 -0.047 ±0.016 -0.013 ±0.024 0.049 ±0.028 0.83± 0.30 1446+490−505
B5* 262.66782 −21.489190 0.29 −743+836−881 0.004 ±0.015 0.004 ±0.023 0.006 ±0.028 0.14± 0.07 762+824−868
B4 262.63949 −21.488767 1.83 −760+1045−1012 0.140 ±0.016 0.018 ±0.024 0.141 ±0.03 0.53± 0.04 4088+505−502
B3(Ej1-2) 262.65918 −21.466017 1.71 −814+388−403 244+46−10 0.026 ±0.015 0.026 ±0.023 0.037 ±0.028 0.15±0.01 1322+498−502
B2 262.66207 −21.512892 1.38 −930+1056−1066 0.058 ±0.017 -0.120 ±0.024 0.133 ±0.029 0.66± 0.07 3911+672−673
B1 262.68243 −21.475636 1.13 −5544+1350−1471 -0.054 ±0.018 0.077 ±0.024 0.094 ±0.03 0.57± 0.07 6154+1247−1353
∗CSM-dominated knot.
†Knot labels in parentheses are those used by Sato & Hughes (2017b).
aPosition in 2016 (J2000).
b Projected angular distance from kinematic center estimated by Sato & Hughes (2017b); R.A.(J2000) = 17h 30m 41s.321 and Declination(J2000)
= -21◦ 29′ 30′′.51, with uncertainties of σR.A. = ± 0.073′ and σDec = ± 0.072′, respectively.
c Values taken from Sato & Hughes (2017b). Errors represent a 68% confidence interval.
dµTot =
√
µ2R.A. + µ
2
Dec.
e Expansion index (see Section 3.4).
fEstimated space velocity for a distance of 6 kpc.
Given that Si and Fe are the most efficiently produced elements in a Type Ia explosion, we identified our knots
as CSM-dominated or ejecta-dominated based on our measured abundances of Si and Fe. Knots with low Si and Fe
abundances relative to solar values, [Si/Si] . 1.5 and [Fe/Fe] . 1, were deemed CSM-dominated, while those which
have an enhanced abundance [Si/Si] & 3, and [Fe/Fe] > 1, were classified to be ejecta-dominated. This way, we
identified 15 knots as ejecta-dominated and two knots as CSM-dominated. The best-fit electron temperatures of nearly
all ejecta knots in our sample are kTe ∼ 2 - 5 keV, with ionization timescales net ∼ 1 - 3 × 1010 cm-3 s. The medians
of these best-fit kTe and net ejecta values generally agree with the higher-temperature ejecta components measured
by Katsuda et al. (2015). For three ejecta-dominated knots, B2, B3, and R8, and for the CSM-dominated knots, we
measure lower temperatures (kTe ∼ 0.5 - 1.3 keV) and higher ionization timescales (net ∼ 5 × 1010 - 1012 cm-3 s). We
attribute the outlying kTe and net observed in these three ejecta knots to possible CSM interaction.
3.4. Proper Motions
Based on the archival Chandra ACIS data covering the net time-span of 14 years (2000-2014, Table 1), we estimate
the proper motions of the small ejecta regions for which we measure vr. To measure the proper motions, we apply the
methods used in Sato et al. (2018). We took the image from the long observation in 2006 as the reference “model” for
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Figure 3. ACIS-S gray-scale image of Kepler’s SNR from the 2014 observation, filtered to the energy range 1.7 to 2.0 keV.
Seventeen ejecta and CSM knots which we analyzed in this work are marked with circles. CSM knots are marked with squares
(also, their region names include “ * ”). Otherwise, we identify all other knots to be metal-rich ejecta based on our spectral
analysis of the archival ACIS data. Cyan and red markers indicate blue- and red-shifted features, respectively, while green
represents statistically negligible vr at the 90% confidence interval. The numeric values are based on the descending order of the
magnitudes of the estimated vr: i.e., R1 shows the most redshifted spectrum and B1 the most blueshifted. The uncertainty in
the kinematic center of the SNR estimated by Sato & Hughes (2017b) is denoted by a dotted yellow circle. A zoomed-in image
of knot R1 is shown in the upper left corner.
each knot, compared it to the images from other epochs by incrementally shifting it in R.A. and declination, and then
calculated the value of the Cash statistic (Cash 1979),
C = −2
∑
i,j
(ni,j lnmi,j −mi,j − lnni,j !), (1)
where ni,j and mi,j are the number of counts in the i
th, jth pixel from the current epoch, and in 2006, respectively,
scaled by the total number of counts in the SNR. When the Cash statistic reached a minimum value, it means the pixel
values in the image for each “test” epoch most closely matched those found in the reference image, indicating that its
position in the test epoch was determined. We estimate the error in the parameters using ∆C = C−Cmin, which may
be interpreted in a way similar to ∆χ2, and also include the systematic image alignment uncertainty from each epoch
(Sato & Hughes 2017b). The results of our proper motion measurements are summarized in Table 2. Our measured
proper motions range µR.A. ∼ -0.17′′ yr-1 to 0.17′′ yr-1 in R.A and µDec ∼ -0.12′′ yr-1 to 0.14′′ yr-1 in declination.
Figure 5 shows zoom-in images of knots, demonstrating their positional changes over 14 years. Knot R6, projected
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(e) (f)
(g) (h)
Figure 4. Examples of our line center energy fits for small emission features in Kepler. The left column is the HETG spectra
overlaid with the best-fit model. The right column shows the confidence level contours for the best fit vr value. Panels (a-b) and
(c-d) are from regions R1 and R6, respectively, showing clearly redshifted spectra. Panels (e-f) and (g-h) are from regions B5*
and B3, respectively, showing negligible Doppler shift. The green lines show the locations of the rest frame He-like Si Kα triplet
line center wavelengths. The dashed lines show individual Gaussian components of our best-fit model. The errors represent a
90% confidence interval. Gray: MEG +1 data, Black: MEG -1 data, Red: MEG +1 model fit, Blue: MEG -1 model fit.
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within the western Ear of Kepler shows the largest proper motion, µTot ∼ 0.20′′ yr-1, which is perhaps as expected,
considering that it is an ejecta knot projected beyond the main shell of Kepler. The CSM-dominated regions generally
show negligible proper motions, which may also be expected.
Sato & Hughes (2017b) found that ejecta knots with the highest vr (R1, R2, R3) tend to show proper motions close
to their extrapolated time-averaged rates for the change of angular positions, µAvg (their angular distance from the
SNR center estimated by Sato & Hughes (2017b) divided by the age of Kepler, 412 years as of 2016), suggesting that
they have not undergone significant deceleration since the explosion (i.e. they are nearly freely expanding). From
here on we refer to µTot/µAvg as the expansion index, η. If an ejecta knot has been moving undecelerated since the
explosion, we may expect η ≈ 1. We find several ejecta knots to have an expansion index close to 1 (η . 0.7, see Table
2). We note that region R4 is an anomaly with η = 1.86. This discrepancy is probably due to its projected proximity
to the SNR center. The angular offset of R4 from the SNR center is similar to the uncertainties on the SNR center
position, and, in fact, η is not constrained (Table 2). Knot B6* also shows a high η value, and is projected near the
center of the SNR with a large uncertainty in η (±0.3). Its spectrum is clearly CSM-dominated and its low proper
motion is consistent with a CSM origin. In general, CSM-dominated regions are not expected to have a high η value.
The source of this discrepancy is unclear, however, we speculate that this dense filament of CSM-dominated gas may
have been ejected from the progenitor system shortly before the SN explosion took place. Thus, like other parts of the
remnant, it has possibly only been traveling for ∼ 400 years.
4. DISCUSSION
4.1. Distance to Kepler
The kinematic nature of ejecta knot R1 in Kepler is remarkable. Sato & Hughes (2017b) measured an expansion
index η ∼ 1, indicating that it is nearly freely-expanding. Here, we measure a similarly high expansion index, and
a high vr (∼ 7, 900 km s-1). Assuming that R1 has been traveling at a constant velocity for 412 years (as of 2016)
since the explosion, it may allow us to estimate the distance to Kepler. Since we know the exact age of the SNR,
and we have measured the radial velocity and the projected angular distance from the center of the remnant, only the
inclination angle of the freely-moving knot’s velocity vector against the line of sight needs to be constrained in order
to estimate the distance. To constrain the inclination angle for the space velocity vector of R1 against the line of sight,
we make a reasonable assumption that the physical location of R1 is close to the outer boundary of the SNR’s main
shell or somewhat farther out beyond the main shell. We also take the kinematic center estimated Sato & Hughes
(2017b) as the explosion site.
We consider several scenarios for the physical location of R1: 1) at the outermost boundary of the SNR’s main shell
(D ∼ 1.8′), 2) at the physical distance corresponding to the angular distance (from the SNR center) of the western
Ear’s outermost boundary, i.e., the visible maximum angular extent of the X-ray emission (D ∼ 2.3′), and 3) a location
beyond the main SNR shell at the distance corresponding to ∼ 1.5 times the radius of the SNR’s main shell. For each
scenario, we estimate d ∼ 7.7 kpc, ∼ 5.5 kpc, and ∼ 4.5 kpc for scenarios 1, 2, and 3, respectively. If we consider
that R1 has been somewhat decelerated (corresponding to η = 0.94), our distance estimates would be slightly longer,
d ∼ 8.2 kpc, ∼ 5.9 kpc, and ∼ 4.8 kpc. This distance range for Kepler is generally consistent with those estimated by
Chiotellis et al. (2012), Aharonian et al. (2008), and Patnaude et al. (2012), and is generally supportive of a luminous
Type Ia explosion for SN 1604, as previously suggested (Vink 2008; Patnaude et al. 2012; Katsuda et al. 2015).
4.2. Velocity Distribution of Ejecta
Based on our vr and proper motion measurements, we measure space velocities, vs ∼ (1,300 - 8,800)d6 km s-1 (with
d6 in units of 6 kpc) , with an average velocity, vs ∼ 4,600d6 km s-1, for the 15 individual ejecta knots. The fastest
known stars in the Milky Way (which are probably ejected from SN explosions in white dwarf binaries) show space
velocities of ∼ 2,000 km s-1 (Shen et al. 2018). Thus, the velocities we obtain for several knots are highly significant,
and cannot be attributed to a systemic velocity for the SNR.
The knots R1, R2, and R3 have the highest measured space velocities (6,300 - 8,800d6 km s
-1), and are all located in
the “steep arc” (DeLaney et al. 2002) of Kepler’s SNR, a “bar” of bright X-ray emission which runs from east to west,
located about halfway between the center of the remnant and the outer edge of the main shell.They are projected close
to each other within a small (50′′× 20′′) area. This proximity, and similarities in their measured Si abundances, space
velocity vectors, and expansion indices, suggest that these knots might have originated generally from a “common”
layer of the exploding white dwarf. Sato & Hughes (2017b) measured properties of another knot (they label “N4”)
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Figure 5. ∆C images showing positional differences of regions (a) R1, (b) R6, (c) R4, and (d) B6* among observations
performed in 2000 (red), 2004 (green), and 2014 (blue).
projected within the steep arc, which exhibited similar properties to R1, R2, and R3. This suggests that ejecta within
the steep arc have generally homogeneous kinematic and spectroscopic properties.
In the western Ear, we measure high space velocity in region R6, vs ∼ 6,100d6 km s-1. Such a high velocity may be
expected considering the knot’s projected location in the western Ear feature which protrudes out about 30% beyond
the main shell. Interestingly, knot R8 has a significantly smaller space velocity, vs ∼ 3,100d6 km s-1 , even though it
is projected very close to the position of R6. Knot R8 may be interacting with a CSM-dominated feature identified
by Burkey et al. (2013) projected adjacent to it, which could have caused it to significantly decelerate recently. Such
an interaction between ejecta and CSM may produce Hα emission. We searched for Hα emission at the location of
R8 in the archival Hubble Space Telescope images (with the F656N filter) of Kepler (Sankrit et al. 2016). We found a
faint wisp centered at R8’s position, possibly indicating the presence of shocked CSM gas, which would support our
conclusion of an ejecta-CSM interaction there.
Considering their spatial proximity and similarly high Si abundance, it seems likely that R6 and R8 were produced
very near to each other during the SN. It is interesting that these knots are projected ∼ 1′ in decl. north of the
center of the remnant, as are the ejecta knots in the steep arc. In our distance estimation, we assumed that knot R1
is located at or beyond the main shell. Thus, if we viewed Kepler at a different angle, it may appear as though the
steep arc and western Ear are similar structures extending to different directions. This morphological interpretation
may not be consistent with the bipolar-outflow scenario (Tsebrenko & Soker 2013) as the origin of the Ears. However,
we measured generally higher Si abundances in the western Ear than in the steep arc (generally by a factor of ∼ 5),
as did Sun & Chen (2019), who recently reported a similar result. This abundance discrepancy is not in line with the
scenario that the Ear and arc features share the common physical origin. Thus, while we find intriguing similarities in
kinematic properties between these substructures of Kepler, their true physical origins remain unanswered. Detailed
hydrodynamic simulations may be needed to test these scenarios, which are beyond the scope of this work.
4.3. Asymmetric Ejecta Distribution
The HETG spectrum of ten ejecta regions from our sample shows a significant Doppler shift. We note that the
majority of them (eight regions) is redshifted. Although our sample size is small, this may suggest a significantly
asymmetric velocity distribution of ejecta knots along the line of sight (see Figure 6). A density gradient may exist
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Figure 6. Panel (a) shows the positions of ejecta knots in vr vs. r (projected angular distance from the center of the SNR)
space. The dashed line is the approximate location of the outermost boundary of the main SNR shell. Panel (b) shows a 3-D
perspective of the locations of our measured ejecta knots. The red spheres represent redshifted knots, blue spheres are blueshifted
knots, and white spheres are those with negligible Doppler shift. The gold arrows indicate the knots’ relative magnitude of
space velocites and directions. The shaded circle shows the approximate location of the main shell of Kepler’s SNR.
across the near and far sides of the remnant such that surrounding material on the near side has a lower density on
average, leading to an under-developed or late reverse shock, causing the blueshifted knots to appear fainter. Evidence
for density gradients in the surrounding medium of Kepler were suggested by Patnaude et al. (2012) and Blair et
al. (2007), who concluded that a north-south density gradient in the interstellar medium are required to explain the
observed bowshock in the north of the remnant and the infrared intensity variation between the northern and southern
rims. The evidence for CSM interaction suggests that uniform ambient medium models may be too simplistic for this
SNR. Burkey et al. (2013) suggested that the asymmetry in Fe ejecta across the face of the SNR could be a result of
ejecta being blocked by the progenitor’s companion star. This scenario may also support our observed line-of-sight
asymmetry of Si ejecta.
Alternatively, the observed asymmetric ejecta distribution along the line of sight may be caused by a true asymmetry
in the SN explosion itself. Global asymmetry in Type Ia SNe may be caused by the strength and geometry of ignition
of the SN explosion (Maeda et al. 2010). An ignition significantly offset from the center of a white dwarf, or on the
surface, may lead to an asymmetric burning, which would affect the ejecta structure in the resulting SNR. Asymmetric
ignitions may also produce abundant 56Ni compared with a symmetric ignition (Kasen et al. 2009). Strong Fe emission
in the X-ray spectrum of Kepler indicates that the SN explosion produced abundant 56Ni, the parent nucleus of stable
56Fe (Patnaude et al. 2012). Significantly redshifted late-time [Fe II] lines (along with high-velocity Si II during the
maximum light) have been observed in several extragalactic Type Ia SNe, which suggest velocity offsets of Si and Fe
ejecta which depend on viewing angle (Maguire et al. 2018). The observed correlation between intrinsic color and Si
II ejecta velocities near maximum light (Mandel et al. 2014) may be explained if Type Ia SN are generally asymmetric
explosions with similar luminosity but with some lines of sight showing significantly different ejecta velocities (Foley &
Kasen 2011). Based on the archival Chandra ACIS data, Sato & Hughes (2017b) found that only two ejecta-dominated
knots out of the eleven included in their study were significantly blue-shifted. These knots also showed more abundance
in Fe than Si relative to solar values. The low-resolution Chandra ACIS spectroscopic data of Kepler also suggested
that Fe-rich ejecta appear to show higher blue-shifts than red-shifts (Kasuga et al. 2018). These results, along with
our measurements, suggest that Kepler’s SN may have produced more energetic Si ejecta in the direction away from
our viewing position than towards it.
It is important to note that our clumpy ejecta sample size in the southern half of Kepler is significantly smaller
(four regions) than in the northern half (thirteen regions). This is because of the overall fainter surface brightness
of emission features in the southern shell of the SNR (than in the northern shell). Thus, while an asymmetric ejecta
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distribution along the line of sight is likely, a similar study across the entire face of the SNR (particularly between
northern and southern shells) is infeasible with the current data. Nonetheless, it is worth noting a few potentially
intriguing features in the southern shell of Kepler. Our velocity measurements for a few ejecta knots in the southern
shell show significantly lower values (| v r | . 2,000 km s-1, vs . 5,200d6 km s-1) than those for the northern knots
(up to | v r | ∼ 7,900 km s-1 and vs ∼ 8,800d6 km s-1). On the other hand, Sato & Hughes (2017b) reported that a
few Fe-rich ejecta knots in the southern shell of Kepler show highly blue-shifted X-ray spectra (vr ∼ -5,500 to -8,000
km s-1) based on the archival ACIS data. Those regions show relatively weak He-like Si Kα emission line fluxes, and
thus, we could not measure their vr using our HETGS data due to low photon count statistics. Follow-up Chandra
HETGS observations of Kepler with deeper exposures would be warranted to perform a more extensive census of the
ejecta velocity distribution (significantly beyond the capacity of the existing ACIS and HETG data) throughout the
entire SNR, which is required to reveal the true 3-dimensional nature of Kepler’s SN explosion.
5. CONCLUSIONS
We have measured the radial velocities and proper motions of 17 small emission features (15 ejecta and 2 CSM
knots) in Kepler’s supernova remnant using our Chandra HETGS observation and the archival Chandra ACIS data.
We find that a handful of knots are moving at speeds approaching ∼ 104 km s-1, with expansion indices approaching
1, indicating nearly free expansion. Based on our radial velocity measurement of such a fast-moving ejecta knot, we
estimate a distance to Kepler, d ∼ 4.8 - 8.2 kpc, which may be generally in support of a luminous Type Ia SN. We
note that most of our vr measurements indicate a redshifted spectrum, suggesting an asymmetry in the along-the-line-
of-sight ejecta distribution of the remnant. We note that this study involves only a small sample of ejecta knots, most
of which are projected in the northern shell of the SNR. Thus, the utility of our study, while revealing some intriguing
kinematic characteristics of the Type Ia SN explosion which created Kepler’s SNR, is limited in revealing the true 3-D
structure of the entire SNR. A longer observation of Kepler using the Chandra HETGS would be required to measure vr
for a significantly larger number of ejecta knots covering the entire face of the SNR to help construct a more complete
picture of the 3-D distribution of ejecta, which would be be essential to provide observational constraints to establish
more realistic Type Ia SN models.
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support for supernova remnant research from NASA grant NNX15AK71G to Rutgers University. T.S. was supported
by the Japan Society for the Promotion of Science (JSPS) KAKENHI Grant Number JP19K14739 and the Special
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